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Tetramethylpyrazine ameliorates
LPS-induced acute lung injury
via the miR-369-3p/DSTN axis

Weiting Tao*, Simin Min%®, Guofeng Chen*, Xu He*, Yuhang Meng?, Li Li?, Jie Chen! &
Yan Li**

Acute lung injury (ALI) is a severe clinical respiratory condition characterized by high rates of mortality
and morbidity, for which effective treatments are currently lacking. In this study, lipopolysaccharide
(LPS) was used to induce ALI mice, demonstrating the efficacy of tetramethylpyrazine (TMP) in
ameliorating ALI. Subsequent we perfored high-throughput sequencing analysis and used Targetscan
8.0 and miRWalk 3.0 databases to predict the interaction between microRNAs and destrin (DSTN),
ultimately identifying miR-369-3p as the focus of the investigation. The adenovirus carrying miR-
369-3p was administered one week prior to LPS-induced in order to assess its potential efficacy in
ameliorating ALl in mice. The findings indicated that the overexpression of miR-369-3p resulted in
enhanced lung function, reduced pulmonary edema, inflammation, and permeability in LPS-induced
ALl mice, while the suppression of miR-369-3p exacerbated the damage in these mice. Furthermore,
the beneficial effects of TMP on LPS-induced ALI were negated by the downregulation of miR-369-3p.
The results of our study demonstrate that TMP mitigates LPS-induced ALI through upregulation of
miR-369-3p. Consequently, the findings of this study advocate for the clinical utilization of TMP in ALI
treatment, with miR-369-3p emerging as a promising target for future ALl interventions.
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Acute lung injury (ALI) is a significant clinical respiratory disorder characterized by damage to the alveolar
epithelium and endothelium, increased permeability, extensive fluid leakage, release of inflammatory mediators,
hypoxemia, and ultimately respiratory failure, with the potential for progression to acute respiratory distress
syndrome (ARDS) in cases that are severe!2 It is distinguished by pulmonary damage and compromised micro-
vascular permeability, resulting in a robust inflammatory reaction that can ultimately culminate in fatality>*.
While progress has been made in elucidating the pathophysiology of ALI, current therapeutic interventions
primarily rely on protective mechanical ventilation strategies to enhance survival rates®. To optimize treat-
ment outcomes, additional investigations and the exploration of novel pharmacological agents and therapeutic
modalities are imperative.

The pulmonary microvascular endothelium serves as a metabolically active organ, and its impairment can
result in pulmonary parenchymal inflammation and non-cardiogenic pulmonary edema. Consequently, the
pulmonary endothelium is essential for the maintenance of lung and systemic cardiovascular homeostasis, and
is integral to the pathogenesis of ALI/ARDS®. Tetramethylpyrazine (TMP), a prominent constituent derived from
ligusticum chuanxiong, has been employed in the treatment of cardiovascular and cerebrovascular ailments over
an extended period’. There is evidence to suggest that TMP may decrease the lung dry-wet ratio, inflammation,
and the expression of TLR4 following LPS-induced lung injury in mice®. A prior investigation demonstrated
that TMP suppressed endothelial cytoskeletal reorganization via the Rac1/LIMK pathway in LPS-induced ALP.
Current research indicates a growing body of evidence implicating actin cytoskeleton remodeling in endothelial
cell functionality. Destrin (DSTN), a member of the actin-depolymerizing factor (ADF)/cofilin family, con-
sists of DSTN, cofilin-1, and cofilin-2'°. DSTN is a crucial actin-binding protein that plays a fundamental role
in the dynamic regulation of intracellular actin filaments, thereby maintaining cell morphology, polarity, and
migration'!. Actin dynamics are controlled by DSTN, which promotes monomerization of F-actin and filament
severing, thereby directly contributing to cytoskeletal remodeling'?. As a member of the ADF/cofilin protein

IDepartment of Pathophysiology, Bengbu Medical University, Bengbu, Anhui, China. 2Suzhou Hospital Affiliated
to Anhui Medical University, Suzhou, Anhui, China. 3School of Clinical Medicine, Bengbu Medical University,
Bengbu, Anhui, China. *School of Medicine and Health Engineering, Changzhou University, Changzhou, Jiangsu,
China. *These authors contributed equally: Weiting Tao and Simin Min. *email: liyan37@mail3.sysu.edu.cn

Scientific Reports|  (2024) 14:20006 | https://doi.org/10.1038/s41598-024-70131-0 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-70131-0&domain=pdf

www.nature.com/scientificreports/

family, DSTN’s association with cancer has been extensively studied'*', and several studies have indicated
that increased expression of DSTN can result in dysfunction of the cerebral vascular endothelial cell barrier in
mice!>!%. Given the resemblance between the cerebral vascular endothelial barrier and the pulmonary vascular
endothelial barrier, there is a scarcity of research on the impact of DSTN in pulmonary endothelial barrier dys-
function. Consequently, it is postulated that DSTN may have a noteworthy role in ameliorating ALI through TMP.
To substantiate this hypothesis, it was observed that TMP enhances ALI by increasing the expression of DSTN.

MicroRNAs (miRNAs) are short, single-stranded RNA molecules that do not code for proteins and typically
consist of 17 to 25 nucleotides'’. They are highly conserved across various organisms and primarily regulate gene
expression post-transcriptionally. It primarily destabilizes or inhibits translation!® by targeting the 3’ untranslated
region (3'UTR) of mRNA transcripts in the cytoplasm!®?. A number of recent studies indicate that miRNAs have
also been implicated to positively-regulate gene transcription by targeting promoter elements*"?, a phenomenon
known as RNA activation (RNAa)*-%. Therefore, microRNAs can both positively and negatively regulate the
expression of target proteins®’. The involvement of miRNAs in ARDS has garnered increasing interest in recent
years®. Research has demonstrated that miR-27a mitigates apoptosis and inflammation in mice with LPS-induced
ALI”®, while the downregulation of miR-34b-5p in ALI mice reduces inflammation and apoptosis by targeting
pregranuloprotein®’. Consequently, high-throughput sequencing was employed to analyze the lung tissues of
mice treated with ALI and TMP, resulting in the identification of 59 differentially expressed microRNAs. Among
these, 29 microRNAs exhibited reduced expression following LPS induction but increased expression following
TMP protection. Subsequently, Targetscan 8.0 and miRWalk 3.0 were utilized to predict the interaction between
microRNA and DSTN, and the miR-369-3p was finally discovered as a potential target. Numerous studies have
highlighted the significant role of miR-369-3p in inflammation®"*?, and inflammatory response plays an impor-
tant role in the pathogenesis of ALIL The specific function of miR-369-3p in ALI remains ambiguous. However,
this study reveals that the administration of TMP effectively ameliorates ALI by upregulating miR-369-3p,
thereby decreasing pulmonary vascular permeability and safeguarding against LPS-induced endothelial barrier
dysfunction. Consequently, the primary objective of this research is to propose novel therapeutic strategies and
theoretical insights for the management of ALI/ ARDS.

Results

TMP ameliorates LPS-induced ALI through the DSTN/ZO-1/occludin pathway

The ALI mice model was established as previously described. The SpO, was measured 24 h later, and lung func-
tion was assessed. The SpO, of mice in the LPS group exhibited a significant decrease, while the SpO, of ALI
mice recovered following TMP intervention (Fig. 1a). Histological examination using HE staining revealed
alveolar collapse, inflammatory cell infiltration, and hyperemia in lung tissue sections. Notably, TMP treatment
significantly ameliorated pulmonary disease and reduced lung injury scores (Fig. 1b,c). In Fig. 1d-h, comparing
to the control group, it was observed that BALF protein levels, white blood cell counts, and pro-inflammatory
factor expression levels were significantly increased in the lungs of mice in the LPS group. However, follow-
ing TMP intervention, these parameters showed a notable decrease. Western blot analysis revealed changes in
DSTN, ZO-1, and occludin levels (Fig. 1i), with reduced histone expression in response to LPS stimulation but
elevated histone levels after TMP treatment compared to the control group. Collectively, these findings suggest
that TMP exerts potential therapeutic effects on ALI through modulation of the DSTN/ZO-1/occludin pathway.

High-throughput analysis

The lung tissues of mice exposed to LPS or TMP were subjected to high-throughput sequencing technologies
(Fig. 2a), revealing significant variations in the expression levels of 59 miRNAs. Specifically, the expression of
29 miRNAs decreased following LPS exposure but increased after TMP treatment. Subsequently, Targetscan
8.0 and miRWalk 3.0 were utilized to predict the binding interactions between microRNAs identified through
high-throughput sequencing and DSTN. Notably, miR-369-3p was identified as capable of binding to DSTN, as
depicted in Fig. 2b, illustrating the specific binding site on DSTN. These results suggest that miR-369-3p regulates
the DSTN to contribute to the protective effect of TMP on ALIL.

Consequently, in vivo intervention was conducted through tracheal infusion of HBAD-EGFP control,
HBAD-Adeasy-has-miR-369-3p-Null-EGFP, and HBAD-Adeasy-has-miR-369-3p-sponge-EGFP. We assessed
miR-369-3p expression levels in lung tissue to determine whether the intervention had any effect (Fig. 2¢). The
findings indicated no notable distinction between the HBAD-EGFP control group and the control group. The
expression of miR-369-3p exhibited a significant increase of 6-7 times in the hbad-adease-has-miR-369-3p-
null-egfp group. Following intervention with HBAD-Adeasy-has-mir-369-3P-sponge-EGFP, there was a notable
reduction in miR-369-3p expression in mice. Western blot analysis was conducted to assess the expression of the
targeted protein DSTN (Fig. 2d). Overexpression of miR-369-3p resulted in an enhancement of DSTN expression
compared to the control group, while down-regulation of miR-369-3p reduced expression of DSTN.

Effects of modulating miR-369-3p on LPS-induced lung function in mice

The ALI model was established in mice after a week of adenovirus intervention. Lung tissue samples were
subjected to HE staining (Fig. 3a,b), revealing alveolar collapse, congestion, thickening of alveolar septum,
and inflammatory cell infiltration in the model group. Overexpression of miR-369-3p was found to mitigate
lung injury and reduce lung injury score, whereas downregulation of miR-369-3p exacerbated lung injury
and increased lung injury score. Lung function was evaluated through measurement of SpO, and lung index
(Fig. 3¢,d), with no changes observed in the GFP group. It is worth noting that miR-369-3p overexpression
increased SpO, and decreased lung index, while downregulation of miR-369-3p further reduced SpO, and
increased lung index.
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Figure 1. TMP ameliorates LPS-induced ALI through the DSTN/ZO-1/occludin pathway. The “two-hits”
method builds the ALI model. (a) The mice SpO, was measured using the PhysioSuite™ Small Animal
Respiratory Detection System. (b,c) HE staining of mouse lung tissues was taken to observe the pathological
changes of the lungs and to score the damage. (d) Mouse lung tissues were weighed and dried to calculate the
wet-to-dry ratio to assess lung edema. (e) BALF was taken to detect the total leukocyte count. Total RNA was
extracted from lung tissues, and the expression levels of inflammatory factors IL-1p (f), IL-6 (g), and TNF-a (h)
were detected. (i) The expression levels of the proteins DSTN, ZO-1, and occludin were detected in lung tissues
using Western blotting. Data are presented as means+SD (n > 3). One-way ANOVA with post-hoc Tukey’s test:
*P<0.05, **P<0.01, **P<0.001, ***P<0.0001.

Effect of modulating miR-369-3p on pulmonary vascular permeability in ALI mice

Pulmonary endothelial barrier dysfunction is a hallmark of clinical pulmonary edema and contributes to the
development of ALI. To assess pulmonary endothelial barrier dysfunction. We examined the lung tissue wet-to-
dry ratio and leukocyte total count, protein concentration, and expression levels of pro-inflammatory factors in
BALF (Fig. 4a-e). The results showed that, compared with ALI mice, overexpression of miR-369-3p resulted in
significantly lower wet-to-dry ratio of lung tissue, total protein level, leukocyte count and expression of inflam-
matory factors TNF-a and IL-1f. down-regulated miR-369-3p expression levels were significantly increased.
As shown in Fig. 4f,g, after Evans Blue (EB)was injected into the tail vein, the pulmonary vascular permeability
was evaluated by measuring dye extravasation, and the results showed that EB albumin leakage in the lung tis-
sue of ALI group mice increased significantly. However, overexpression of miR-369-3p mitigated the increase in
EB leakage. We also detect the expression of miR-369-3p’s target protein (Fig. 4h), and the results showed that
miR-369-3p up-regulation promoted DSTN expression compared with LPS group, while miR-369-3p down-
regulation inhibited DSTN expression.

The effect of regulating miR-369-3p on tight connections in ALI mice
The interactions among endothelial cells are significant in modulating endothelial barrier permeability, with
Z0-1 and occludin serving as key tight junction proteins. Western blot analysis revealed differential expression
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Figure 2. High-throughput analysis. (a) miRNA high-throughput sequencing cluster heat map. Red represents
up-regulated expression and green represents down-regulated expression, P <0.05. (b) miR-369-3p binding site
to DSTN. (d) Effectiveness of adenovirus interventions. (c) The changes of target protein after up-regulation

or down-regulation of miR-369-3p. Data are presented as means+SD (n 2 3). One-way ANOVA with post-hoc
Tukey’s test: *P<0.05, ****P<0.0001.

levels (Fig. 5a), indicating that miR-369-3p overexpression enhances tight junction protein expression, while
its downregulation suppresses it. Immunofluorescence results (Fig. 5b) corroborated the Western blot findings.
Collectively, these findings suggest that overexpression of miR-369-3p impedes the activation of the LPS-induced
DSTN/ZO-1/occludin pathway.

Knockdown of miR-369-3p partially counteracts the protection of TMP in LPS-induced ALI
mice

HE staining (Fig. 6a,b) results demonstrated that both the LPS + TMP group and LPS + Dex group exhibited
improvements compared to the LPS group, showing a reduction in irregular alveolar collapse, alveolar wall
thickening, and inflammatory cell infiltration. However, it was found that the beneficial effects of TMP on
LPS-induced ALI mice pathological lung injury were reversed in LPS + TMP + miR-369-3p-sponge group. As
presenter in Fig. 6¢,d, EB findings demonstrated a significant improvement in EB leakage in the lungs of ALI
mice following treatment with TMP and Dex compared to the LPS group. Conversely, downregulation of miR-
369-3p reversed TMP’s beneficial effects on lung leakage. Wet/dry ratio analysis (Fig. 6e) further revealed that
both TMP and Dex effectively mitigated lung edema compared to the LPS group. Nevertheless, when miR-369-3p
was knocked down, lung wet/dry ratios increased, indicating increased edema compared to the TMP group.
As shown in Fig. 6f,g, comparing to the LPS group, protein concentration and leukocyte total counts in BALF
were reduced in the TMP and Dex-treated groups. In contrast, down-regulation of miR-369-3p increased pro-
tein concentration and leukocyte counts, partially restoring them compared to the TMP group. ELISA results
(Fig. 6h-j) showed a notable rise in TNF-a, IL-1f, and IL-6 expression in the LPS group compared to the control
group. However, both the LPS + TMP group and the LPS + Dex group reduced inflammatory factor expression.
In the LPS + TMP + miR-369-3p-sponge group, TMP’s ameliorative effects on LPS-induced inflammation were
partially eliminated.
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Figure 3. Effects of modulating miR-369-3p on LPS-induced lung function in mice. (a,b) HE staining and lung
injury score. (c¢) The mice peripheral blood oxygen saturation. (d) Lung index. Data are presented as means + SD
(n23). One-way ANOVA with post-hoc Tukey’s test: *P<0.05, **P<0.01, ****P<0.0001.

TMP reduces the severity of LPS-induced ALI through upregulation of miR-369-3p/DSTN/
Z0-1/occludin

In order to elucidate the mechanism by which TMP alleviates ALI, we down-regulated miR-369-3p on the basis
of TMP treatment and detected the expression of related proteins (Fig. 7a). The results showed that the expres-
sion of DSTN, ZO-1 and occludin in TMP and Dex groups increased compared with that in LPS group. After
down-regulating miR-369-3p, the expression of DSTN, ZO-1 and occludin decreased compared with that in
TMP group. Results of immunofluorescence of ZO-1 and occluding (Fig. 7b) were in agreement with the results
of Western blot. In our studies, miR-369-3p was found to reverse TMP’s inhibitory effects on the DSTN/ZO-1/
occludin pathway when it was downregulated. These results indicate that TMP improves LPS-induced ALI by
regulating the miR-369-3p/DSTN/ZO-1/occludin pathway.
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Figure 4. Effect of modulating miR-369-3p on pulmonary vascular permeability in ALI mice. (a) Ratio of
lung wet weight to lung dry weight. The expression of total leukocyte counts (b), protein concentration (c) and
inflammatory factors IL-1pB (d), TNF-a (e), in BALF. (f,g) EB was injected into the tail vein, and the lungs were
removed by cardiopulmonary lavage two hours later. (h) western bolt detects the expression of DSTN. Data are
presented as means +SD (n23). One-way ANOVA with post-hoc Tukey’s test: *P <0.05, **P<0.01, ***P<0.001,
P <0.0001.

Discussion

Endothelial barrier dysfunction resulting in heightened pulmonary vascular permeability, protein-rich fluid
extravasation, and pulmonary edema are characteristic features of ALl and ARDS*. The current investigation
revealed that TMP significantly ameliorated lung function, pulmonary injury, pulmonary edema, and pulmonary
inflammation in LPS-induced ALI mice.

The maintenance of endothelial barrier integrity is contingent upon the structural integrity of the cytoskeleton
and cellular connections®. The main function of DSTN is to bind actin by cutting actin filaments, making it an
essential factor for cell structure, growth, development, and differentiation'’. Research has demonstrated that
DSTN can enhance actin dynamics through various mechanisms, including accelerating the depolymerization
of terminal monomers, cleaving actin filaments into shorter proproteins, and directly or indirectly stimulating
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Figure 5. The effect of regulating miR-369-3p on tight connections in ALI mice. (a,b) Western bolt and
immunofluorescence detects the expression of tight junction protein ZO-1, and occludin protein in lung tissue.
Data are presented as means+SD (n>3). One-way ANOVA with post-hoc Tukey’s test: *P<0.05, **P<0.01,
PP <0.001, ****P<0.0001.

the growth of actin filaments'®*. Among all family members, DSTN exhibits the most potent depolymerization
activity, leading to actin depolymerization, decreased actin aggregation, cytoskeletal remodeling, and ultimately
impacting endothelial cell function®.

Pulmonary vascular endothelial cells are arranged in a continuous monolayer to form a tight barrier®, which is
composed of tight junctions (TJs), adhesion junctions (AJs) and gap junctions (GJs)*’. Among them, TJs regulates
the transpermeability of endothelial cells by regulating the diffusion of fluids, ions and some cytokines, which is
very important for maintaining vascular homeostasis®, while AJs protein is mainly responsible for maintaining
the adhesion and stability of endothelial cells to cells, forming strong mechanical connections between neigh-
boring cells, and playing a role in the mechanical maintenance of TTs tissues, while GJs connects the matrix
and is primarily responsible for intercellular communication®*. Among them, TJs are crucial components of the
endothelial barrier, and alterations in their structure can lead to the disruption of cell-cell adhesion, resulting
in increased permeability and leakage of fluids containing macromolecules and cytokines. This disturbance in
barrier function can have significant implications for vascular homeostasis, potentially leading to organ and
tissue damage in severe cases. In TJs, occludin is the main transmembrane protein, while ZO-1 is the direct
junction protein between actin cytoskeleton and transmembrane protein®. In this study, we found that there
was a decrease expression of ZO-1 and occludin and cytoskeletal regulatory proteins DSTN in LPS group, while
the expression of proteins significantly recovered after the intervention of TMP. These results show that TMP
exerts a protective effect on ALI by regulating the DSTN/ZO-1/occludin pathway.

With miRNAs emerging as important regulators in various biological processes, many recent studies have
highlighted their potential as biomarkers of ALI and their importance in biopharmaceutical applications*!. In
light of their role as regulators of gene expression in ALI, we conducted high-throughput sequencing analysis
on lung tissue samples obtained from mice subjected to ALI and treated with TMP. Our findings, illustrated in
Fig. 2a, revealed 59 differentially expressed microRNAs, with 29 showing decreased expression following LPS-
inducted and increased expression post-TMP protection. Subsequently, Targetscan 8.0 and miRWalk 3.0 software
were utilized to predict the binding interactions between the microRNAs identified through high-throughput
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Figure 6. Knockdown of miR-369-3p partially counteracts the protection of TMP in LPS-induced ALI mice.
(a,b) HE staining and lung injury score. (c,d) A tail intravenous injection of EB was administered, and lung
tissue dye was extracted and quantified after 2 h. (e) Lung wet-to-dry ratio. (f) Total protein concentration in
BALEF. (g) Leukocyte count in BALFE. The expression levels of IL-6 (h), TNF-a (i), and IL-1f (j) in BALE Data are
presented as means+ SD (n>3). One-way ANOVA with post-hoc Tukey’s test: *P<0.05, **P<0.01, ***P<0.001,
PP <0.0001.

sequencing and the gene DSTN, leading to the identification of miR-369-3p as a potential target of DSTN. We
postulate that miR-369-3p may play a significant role in the mechanism of action of TMP. At present, it has been
found that the miR-369-3p expression is decreased in the inflammatory region of inflammatory bowel patients,
and the up-regulation of miR-369-3p can alleviate the LPS-induced inflammatory response*?. It has also been
found that downregulating long-chain noncoding RNA DLEU2 based on the miR-369-3p/TRIM?2 axis can inhibit
idiopathic pulmonary fibrosis*’. Nevertheless, the role of miR-369-3p in ALI remains inadequately investigated.
To substantiate our hypothesis, we modulated the expression of miR-369-3p in accordance with the ALI model
to elucidate its significance in the pathogenesis of ALI. Our findings indicate that up-regulation of miR-369-3p
can ameliorate LPS-induced ALI by enhancing lung function, reducing pulmonary edema, decreasing pulmonary
vascular permeability, and alleviating pulmonary inflammation. On the contrary, the reduction of miR-369-3p
exacerbated endothelial barrier dysfunction, leading to significant impairment of lung function, heightened
pulmonary edema, and elevated levels of pro-inflammatory mediators. To investigate the effort of miR-369-3p,
we conducted additional analysis on the expression of associated proteins, revealing that stimulation with LPS
led to a decrease in the expression of DSTN, as well as tight junction proteins ZO-1 and occludin, in comparison
to the control group. The up-regulation of DSTN, ZO-1, and occludin expression in response to over-expression
of miR-369-3p contrasts with the down-regulation of these proteins in the presence of down-regulated miR-
369-3p. These results suggest a significant role for miR-369-3p in ALIL.

Nevertheless, there is a lack of evidence supporting the miR-369-3p’s involvement in TMP’s protective mecha-
nism against ALI To address this issue, we conducted experiments involving the down-regulation of miR-369-3p
following TMP treatment for ALIL Our findings indicate that TMP and Dex effectively mitigate lung injury and
pneumonia, as well as improve lung endothelial barrier function, in comparison to the LPS group. Further-
more, a comparison between the TMP group and the down-regulated miR-369-3p group revealed an increase
in lung injury, lung water content, pneumonia, and lung endothelial barrier permeability in the latter. In order
to further investigate the specific mechanism of action, Western blot and immunofluorescence techniques were
utilized to detect the expressions of DSTN, ZO-1, and occludin. Comparison with the TMP group revealed that
down-regulation of miR-369-3p impeded the recovery of pathway proteins. Therefore, as illustrated in Fig. 8,
this study demonstrates that TMP can enhance ALI by up-regulating miR-369-3p, subsequently promoting the
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Figure 7. TMP reduces the severity of LPS-induced acute lung injury through upregulation of miR-
369-3p/DSTN/ZO-1/occludin. (a,b) Western bolt and immunofluorescence detects the expression of actin
depolymerization factor-DSTN, tight junction protein ZO-1, and occludin protein in lung tissue. Data are
presented as means+ SD (n>3). One-way ANOVA with post-hoc Tukey’s test: *P<0.05, **P<0.01, **P<0.001,
PP <0.0001.

expression of DSTN, ZO-1, and occludin, reducing pulmonary vascular permeability, and safeguarding against
LPS-induced endothelial barrier dysfunction.

Opverall, this study provides valuable insights into miRNA-targeting ALI drugs’ potential therapeutic effects
and provides foundational research data for the clinical utilization of TMP in the treatment of ALL

Materials and methods

Animal and animal grouping

All animal experiments in this work were approved by the Institutional Animal Care and Use Committee. Six-
week-old male C57BL/6] mice (20+2 g) were procured from Henan Skibbes Biotechnology Co. Ltd [License No.
SCXK (Yu) 2020-0005, Henan, China] and underwent quality testing at Shandong Laboratory Animal Center.
Mice were housed under standard laboratory conditions with a temperature of 20 +2 °C and humidity at 60 +2%.
Adequate water and feed were provided during a one-week acclimatization period. The male C57BL/6] mice were
randomly assigned to experimental groups, (1) control, (2) LPS, (3) LPS+ GFP, (4) LPS + miR-369-3p-Null, (5)
LPS + miR-369-3p-sponge, (6) LPS + TMP, (7) LPS + TMP + miR-369-3p-sponge, (8) LPS + Dex.

Model building

In the "two-hit" model, C57BL/6] mice were intraperitoneally injected with LPS at a dose of 2 mg/kg, followed
by a subsequent administration of LPS at a dosage of 4 mg/kg via tracheal drip after a 16-h interval. The nega-
tive control group received phosphate-buffered saline (PBS) in equivalent volumes. The drug treatment groups,
comprising TMP (80 mg/kg) or Dex (3 mg/kg), received intraperitoneal injections 30 min before the first LPS
injection and 30 min after the second LPS injection. The adenovirus group underwent tracheal drip of 5% 10°
viral particles one week before ALI model.
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Figure 8. The graphic illustration of the mechanism of TMP ameliorating LPS-induced pulmonary endothelial
barrier dysfunction. LPS induced a decrease in miR-369-3p expression in ALI mice, which in turnled to a
decrease in DSTN expression, depolymerization of F-actin into G-actin, impairment of cellular TJ proteins,
increase in endothelial intercellular permeability, and dysfunction of the endothelial barrier, which was
improved by TMP treatment.

Blood oxygen saturation (SpO,) and lung index

After modeling, mice were placed in a gas anesthesia machine induction chamber to induce anesthesia using
isoflurane. After they are anesthetized, the SpO, of mice was measured using the PhysioSuite™ Small Animal
Respiratory Detection System, ensuring the mice were in a suitable state of anesthesia. Following completion
of the modeling, the weight of mice was recorded. After mice were euthanized by inhalation of isoflurane, lung
tissues were extracted after opening the thoracic cavities. Lung weight was measured after removing surface
blood using filter paper. The lung index was calculated using the formula: Lung index=A/B x 100, where A is
the lung weight, and B is the body weight.

Hematoxylin—eosin (HE)

After mice were euthanized by inhalation of isoflurane, the lungs were then fixed in 4% paraformaldehyde after
being removed and cleaned, then the tissues in each group were dehydrated by alcohol gradient, embedding,
sectioning staining (the sections were baked for 30 min before staining), sealing. Subsequently, the lung tissues
were air-dried and examined under a light microscope to observe any pathological changes. Under low mag-
nification, the presence of inflammatory cell infiltration, edema, and lung tissue damage were noted, and the
distribution of lung damage was evaluated. Under high magnification, the alveolar structures were identifiable,
allowing for the assessment and scoring of the extent of lung damage.

Scoring method: 6 fields of view were taken for hemorrhage and edema scoring.

Score 0: no damage

Score 1: <25% of the damaged area
Score 2: 25-50% of the damaged area
Score 3: 50-75% of the damaged area
Score 4: >75% of the damaged area

Evans Blue (EB)

Mice were injected with 50 mg/kg EB via the tail vein. After 2 h, the mice were euthanized by inhalation of
isoflurane. Subsequently, the thoracic cavity was cut open to expose the lungs and heart, and the left auricle was
cut open and rinsed from the right apex of the heart with saline in a 2.5 ml syringe until the effluent from the
left atrium became colorless. Following this, lung tissues were collected and the optical density (OD) values were
measured by extraction with formamide.
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Genes (mouse) Forward primer (5'-3') Reverse primer (3'-5')

TNF-a CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG
IL-6 CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG
IL-1p GAAATGCCACCTTTTGACAGTG | TGGATGCTCTCATCAGGACAG
GAPDH TGACCTCAACTACATGGTCTACA | CTTCCCATTCTCGGCCTTG

Table 1. TNF-a, IL-6, IL-13 and GAPDH oligonucleotide primers were as follows.

Lung wet/dry weight ratio (W/D)

The lung wet/dry weight ratio reflects lung tissue edema. Mice were euthanized by inhalation of isoflurane, and
lung tissues were removed. After drying surface blood, the tissues were immediately weighed (as wet weight)
and then placed in an oven at 60 °C until a constant weight was achieved (as dry weight). The ratio before and
after drying was calculated.

Bronchoalveolar lavage fluid (BALF) collection and analysis

Mice were euthanized by inhalation of isoflurane, exposing the trachea for endotracheal intubation. Lungs were
gently irrigated with 2 x 0.8 ml of pre-cooled PBS, followed by slow back-extraction. After centrifugation at
1000 rpm/min for 10 min, the recovered liquid was collected and stored at — 80 °C. The supernatant was used
for assessing the concentration of inflammatory factors by ELISA. The resulting precipitate, after centrifugation
and addition to red blood cell lysate, was resuspended and counted using a hemocytometer.

Quantitative real-time PCR (qQRT-PCR)

Total RNA was extracted from lung tissue using Trizol reagent. For inflammatory factors, RNA was reverse tran-
scribed into cDNA using the reverse transcription kit HiScript ITII RT SuperMix for qPCR (+ gDNA wiper), and
then the reaction system was configured using the AceQ Universal SYBR qPCR Master Mix kit. For microRNA,
the All-in-One™ miRNA First-Strand cDNA Synthesis Kit 2.0 was used to convert RNA into cDNA. Subsequently,
the All-in-One™ miRNA qRT-PCR Detection Kit 2.0 was used for qPCR reactions. Finally, Rcvhe-LightCycler480
was used for PCR amplification. Primers were synthesized by Sangon (Shanghai, China). The primers involved
in the study are listed in Table 1. The 272 method was employed for quantitative analysis of qPCR data.

Western blot

The total amount of proteins in lung tissue was extracted with RIPA lysate and their concentration calculated
with a BCA protein kit. After SDS-PAGE gel electrophoresis, proteins were transferred to PVDF membranes and
sealed with 5% skimmed milk. The membranes were incubated overnight with primary antibodies (anti-DSTN,
1:1000, Abcam; anti-ZO-1, 1:1000, Abcam; anti-occludin, 1:1000, Abcam; anti-GAPDH, 1:10,000, ABclonal).
Following this, membranes were incubated with HRP-labeled secondary antibody (HRP-labeled goat anti-rabbit
antibodies, biosharp, 1:8000) for 2 h at room temperature, and protein blots were visualized using the ECL kit.
We quantified the density of the protein bands by using Image J.

Immunofluorescence

The paraffin sections and dewaxing solution 1 were subjected to a temperature of 55 °C for a duration of 30 min
in a roaster. Subsequently, the sections were sequentially immersed in dewaxing solution 1, dewaxing solution 2,
dewaxing solution 3, anhydrous ethanol 1, anhydrous ethanol 2, and anhydrous ethanol 3 for 5 min each. Follow-
ing this, the sections were repaired, closed, incubated with the primary antibody overnight (anti-DSTN, 1:200,
Abcam; anti-ZO-1, 1:200, Abcam; anti-occludin, 1:200, Abcam), incubated with the CY3-labeled fluorescent
secondary antibody (Cy3-conjugated Goat anti-Rabbit IgG, 1:500, Jackson ImmunoResearch) protected from
light, stained for nuclei by DAPI, and sealed, and finally placed in a Zeiss Finally, the sections were placed under
a Zeiss fluorescence inverted microscope to collect images.

Statistical analysis

Statistical analysis employed non-parametric methods. GraphPad Prism 9 was used to analyze results, expressed
as mean + SD. One-way ANOVA assessed differences between multiple groups, and Tukey’s multiple compari-
sons test calculated differences between two groups. A significance level of P<0.05 was considered statistically
significant.

Ethics approval and consent to participate

We are following the Animal Research: Reporting of in vivo Experiments [ARRIVE] guidelines. And euthanasia
of mice in this study complied with the [ARRIVE] guidelines. The study was approved by the Ethics Commit-
tee of Bengbu Medical College. All the methods used in this study were performed in accordance with relevant
guidelines and regulations.

Data availability

The Targetscan 8.0 (https://www.targetscan.org/vert_80/) and miRWalk 3.0 (http://mirwalk.umm.uni-heide
Iberg.de/) is used to predict the correlation between DSTN and miR-369-3p. And all data are publicly accessi-
ble, open access, and support the findings of this study are available on request from the corresponding author,
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